Introduction
Live-cell imaging methods that have been used to investigate the structural organization and dynamic processes of living cells or tissues non-invasively comprise optical microscopies and electrochemical imaging methods. Optical microscopy, especially fluorescence microscopy, is most widely performed in live-cell imaging for the study of the physiological state of cells, cellular transport or cell growth [1] . The development of super-resolved fluorescence microscopy has brought optical microscopy into the nanodimension bypassing Abbe's diffraction limit and has enabled the visualisation of the pathways of individual molecules such as proteins inside living cells with the help of fluorescent molecules [2, 3] .
Electrochemical imaging methods are alternative techniques for live-cell imaging, including scanning electrochemical microscopy (SECM) [4, 5] , scanning ion conductance microscopy (SICM) [6, 7] , plasmonic-based electrochemical impedance microscopy (EIM) [8] , and lightaddressable potentiometric sensors (LAPS) [9] . They can map parameters such as Faradaic current, ion conductivity, local impedance, extracellular potentials and charges, which cannot be measured with optical microscopy. SECM maps local electrochemical current by scanning a microelectrode across the surface, while the SICM maps the ion conductance by scanning a micropipette. Plasmonic-based EIM monitors local impedance by measuring the surface plasmon resonance (SPR) response to an applied ac signal. LAPS measures the local photocurrent at electrolyte/insulator/semiconductor field-effect structures in response to the Nernst potential at the electrolyte/insulator interface by illuminating the semiconductor with a focused, modulated laser beam without the need for scanning microtips or labels, which would be highly advantageous for the non-invasive imaging of cells.
LAPS has been used successfully for the electrochemical imaging of specific ions, DNA detection, monitoring of enzymatic reactions, microorganisms, activities and extracellular potentials of cells [10] [11] [12] [13] [14] [15] [16] with a typical resolution of about 10-100 µm using LED arrays as the light source. Using an optimized laser scanning setup in conjunction with a silicon-onsapphire (SOS) substrate (Figure 1 ), 1.5 µm spatial resolution was obtained using visible light with a wavelength of 405 nm, and 0.8 µm resolution was achieved using light with energy smaller than the bandgap exciting a two-photon effect in silicon [17, 18] . To improve the sensitivity of the LAPS surface, the traditional insulator was replaced with a 1,8-nonadiyne monolayer that was bound to hydrogen terminated silicon on SOS [19, 20] . The technique has been adapted to the imaging of the local impedance, which has been termed Scanning photoinduced impedance microscopy (SPIM) [21] [22] [23] .
In this work, we immobilized yeast Saccharomyces cerevisiae on a 1,8-nonadiyne modified SOS surface using low gelling temperature agarose gel. The LAPS images of multilayer yeast cells were recorded using a diode laser (405 nm) with good lateral resolution.
Experimental

Materials
Silicon-on-sapphire (SOS) with a 1 µm thick silicon (100) layer (boron doped, 0.1 Ωcm) on a 475 µm thick sapphire substrate was purchased from Monocrystal, Russia. Yeast Saccharomyces cerevisiae was purchased from a local supermarket. All chemicals were purchased from Sigma-Aldrich without further purification unless noted. 1,8-Nonadiyne (98%) was redistilled before use as reported [23] . All samples and buffer solution were prepared using ultrapure water (18.2 MΩcm) from a Milli-Q water purification system (Millipore, USA).
Preparation of 1,8-nonadiyne modified SOS
The SOS substrate was modified with an ohmic contact and subsequently with 1,8-nonadiyne as described previously [23] . After modification, the SOS substrate was cut into 4 mm × 4 mm pieces before use.
Immobilization of yeast cells
Low gelling temperature agarose gel was used to immobilize cells onto the SOS surface.
After boiling for 5 min, the 1.5% agarose gel was slowly cooled down to 37 °C, and was then held at 37 °C in a compact dry bath and a block heater (Thermo Scientific). Yeast was washed five times in ultrapure water by centrifuging (1800 rpm, 5 min). The cells were kept in pure water to prevent any interference and used immediately after washing. To check the viability of the yeast cells after the preparation, the pH shift of the 4mg/mL yeast in 10 mM 
LAPS measurements
The setup for LAPS and SPIM measurements was described previously [17] . A diode laser LD1539 (Laser 2000, λ= 405 nm, 1 mW) was used for photocurrent excitation. The modulation frequency was 1 kHz. AC photocurrents were measured by an EG&G 7260 lockin amplifier using a platinum electrode and an Ag/AgCl electrode as the counter and reference electrodes. The lateral resolution of the LAPS setup at a laser wavelength of 405 nm and using SOS substrates was determined to be 1.5 µm as described previously [17, 18] .
Impedance measurements
AC impedance measurements were carried out in PBS using an Autolab PGSTAT30/FRA2
(Windsor Scientific Ltd., UK) using a three-electrode system (see 2.4), a potential of 0 V and an amplitude of 5 mV.
Results and Discussion
The water contact angle (84 ± 1°) for the 1,8-nonadiyne modified SOS surface was measured by a Drop Shape Analysis System (Krüss DSA100, Germany), which indicated a hydrophobic monolayer and agreed with results reported previously [20] . Photocurrent measurements using 1,8-nonadiyne modified SOS surfaces displayed the expected behaviour for good quality LAPS substrates. LAPS have been developed for the determination of the extracellular acidification of Escherichia coli and Saccharomyces cerevisiae using pH sensitive surfaces in past reports [12, 14, 24] . In this report, we were aiming to detect the properties of cells themselves to obtain a common imaging method, which can be widely Figure 3A(b) ). Pure agarose gel was also dropped onto the same sample surface as a control experiment ( Figure   3A(a) ). Figure 3B shows the corresponding LAPS image of yeast-agarose gel on a 1,8-nonadiyne modified SOS surface at 0.7 V using a 405 nm laser. The step size was 5 µm. The scanning time was about 15 min. As a control experiment, pure agarose gel was deposited on the sample (area (a) in Figures 3A and B) . The agarose gel coated area showed the same photocurrent as the blank 1,8-nonadiyne modified SOS and is therefore not visible on the photocurrent image in Figure 3B . This is also confirmed by the identical photocurrent curves obtained for the agarose gel coated area and the blank 1,8-nonadiyne modified SOS shown in Figure 3C . Due to its porous structure, the agarose gel allows conductive ions and small molecules to penetrate the gel freely, which indicated that it provided an ideal immobilization method for yeast cells in LAPS measurements. As shown in Figure 3C , the maximum photocurrent in the area where yeast cells were attached was about 15% lower than that on the blank monolayer surface and the agarose gel coated area, indicating an increase of the local impedance. After normalizing, the I-V curves ( Figure 3D ) on the yeast attached area showed a shift of about +90 mV compared to the blank monolayer surface and the agarose gel attached area, corresponding to the negative surface charge of the yeast cells in pH 7.4 PBS solution [25] .
After removing the yeast-agarose gel on the 1,8-nonadiyne modified SOS surface by water flow, the LAPS image of yeast-agarose gel disappeared, which further proved that the LAPS signals in Figure 3 were produced by the yeast cells. The complex local impedance can be determined from the maximum photocurrent measured in inversion -a technique that has been termed SPIM [21] [22] [23] . The impedance data obtained from SPIM and from classical AC impedance measurements were compared. Figure 3E shows the maximum photocurrents measured at a dc bias of 1.0 V on the blank monolayer surface and a yeast modified area at different modulation frequencies. The maximum photocurrent decreased on the yeast coated area. The expression for the impedance and the maximum photocurrent is given in Equation 1:
where V photo is the photovoltage, I photo is the maximum photocurrent, Z is the impedance of the sample.
Assuming that the photovoltage is the same, the impedance of the yeast modified area can be estimated from
where Z yeast is the impedance of the yeast attached surface, Z nona is the impedance of the 1,8-nonadiyne modified SOS surface obtained from AC impedance spectroscopy. to be developed into a common cell imaging method that can provide more quantitative impedance and charge data than commonly accessible using optical techniques.
In the future, we will adapt this method for single cell LAPS imaging.
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